The nonlinear threshold phenomena of particle reflection and capture of electrons in the induced Compton process that have previously been revealed in the case of plane monochromatic counterpropagating waves, take place also with the actual nonplane laser pulses of ultrashort duration and lead to particle acceleration. In contrast to analogous phenomena in the induced Cherenkov and undulator processes, the Compton reflection-capture mechanism with laser pulses of relativistic intensities practically may be realized for arbitrary initial energies of particles. The acceleration effect for particles initially in rest is explored numerically, taking into account the significance of this case connected with the relativistic electron bunches of high densities, which currently may be realized by relativistic lasers on the ultrathin solid foils where the electrons initially are almost in rest.
I. INTRODUCTION
The significant advance in laser technology during the recent decade made available the ultrashort superintense laser pulses of relativistic intensities [1, 2] , which really create new nonlinear channels for diverse laser-particle interactions [3] and determine, in general, the future of laser accelerators [4] [5] [6] [7] [8] [9] of superhigh energies, including laser-plasma accelerators [10] [11] [12] [13] [14] [15] [16] .
In principle, the realization of an acceleration problem in any laser-induced process requires the possible largest coherent lengths for particle-laser stimulated interaction, i.e., one needs such a coherent process where due to the certain resonance the particle-wave interaction cross section enhances by several orders in magnitude [3] . On the other hand, in the coherent processes such as Cherenkov, Compton, and undulator ones, the nonlinear threshold phenomena of particle reflection and capture take place, which occur on the shortest interaction lengths, even shorter than a laser wavelength, because of the coherent/threshold feature of the nonlinear resonance in the above critical fields at which the interaction from an effective wave-barrier proceeds [3] . Consequently, the acceleration lengths due to the reflectioncapture phenomena are much less than the usual ones corresponding to common acceleration regimes in other processes. Hence, the laser acceleration process will be more effective in these coherent processes with the nonlinear resonances of threshold nature requiring shortest interaction lengths. The mentioned threshold phenomena of particle reflection capture in the induced Cherenkov process has been revealed for a plane transverse electromagnetic (e.m.) wave and in the Compton and undulator processes for monochromatic waves. For ultrashort nonplane laser pulses these phenomena with the subsequent acceleration effect in the induced Cherenkov and undulator processes have been studied in the works [17, 18] , respectively. However, in contrast to Cherenkov and undulator processes where practically relativistic/ultrarelativistic beams are needed for realization of nonlinear Cherenkov resonance in gaseous media [17] , or nonlinear resonance in a magnetic undulator with the step of the order of a few cm [18] , the considered here induced Compton mechanism for particle reflection capture and acceleration practically may be realized for arbitrary initial energies of the particles. In particular, using laser pulses of certain frequencies, one can accelerate initially nonrelativistic beams, or even particles in rest. Second, at the same frequencies of counterpropagating laser pulses in the induced Compton process one can achieve the cancellation of particle transverse momenta acquired in the field for bunches from the emerging relativistic electron targets (elimination of a bunch angular divergence), as it has been proposed in the paper [19] to generate uniform relativistic electron layers at the coherent Compton backscattering on the ultrathin solid foils (see also [20] ).
In the present paper the nonlinear dynamics of charged particle interaction with the strong nonplane counterpropagating laser pulses of finite time-space configurations in vacuum is investigated to find out the influence of finite duration and transverse space sizes of real laser pulses on the reflection-capture phenomena in the induced Compton scattering and, consequently, the particle acceleration process.
II. NONLINEAR DYNAMICS OF A CHARGED PARTICLE IN THE FIELD OF COUNTERPROPAGATING NONPLANE LASER PULSES IN VACUUM
Let us consider the nonlinear dynamics of a charged particle in the induced Compton scattering process, i.e., the nonlinear interaction with the two counterpropagating strong laser beams of real time-space configurations in vacuum. As we are interested in superintense ultrashort focused laser pulses of relativistic intensities, for which the analytical solution of relativistic equations of motion of a particle is very complicated and we need the numerical integration of corresponding equations, then it is convenient to represent the particle's classical equations of motion in the form of dimensionless quantities:
Here the dimensionless momentum of the particle Å, time t 0 , and coordinate r 0 were introduced as follows:
and the dimensionless relativistic intensity parameters of e.m. waves,
characterize the electric (E) and magnetic (H) field strengths of the counterpropagating nonplane laser pulses of finite time-space (transversal) envelopes with the carrier frequencies ! 1 and ! 2 (let ! 1 > ! 2 ), propagating along the axis OX and in the opposite direction, respectively (e is the charge, m is mass of the particle, and c is the light speed in vacuum). We will assume that the laser pulses are of circular polarizations with the electric field strength envelopes
where
is the Lorentz factor. Equations (1) and (2) allow the exact analytical solution in case of plane monochromatic waves of circular polarizations and if the particle initial velocity is directed along the axis of the waves propagation [3] . Thus, taking into account the relation between the electric and magnetic field strengths of transverse e.m. waves,
(x is the unit vector along the OX axis) in Eqs. (1) and (2), for a particle with an initial velocity v 0 ¼ v 0x we obtain from these equations the integral of motion in the induced Compton process:
with the help of which one can determine the particle energy in the field of a strong counterpropagating plane monochromatic waves [in fact to integrate the equations of motion (1) and (2) 
Here the quantities 0 ; 10 ; 20 are the normalized initial energy of the particle and amplitudes of the plane monochromatic waves, respectively, and n eff is the refractive index of the slowed interference wave, formed by the two counterpropagating waves of different frequencies in the induced nonlinear Compton process, which causes the threshold phenomenon of particle reflection. Thus, according to formula (10) , in the induced nonlinear Compton process there is a critical value of the effective wave intensity cr (when the expression under the root becomes zero, which corresponds to the nonlinear Compton resonance in the field), above which eff 10 þ 20 > cr , the root becomes complex, and then changes its sign corresponding to particle reflection from the slowed interference wave. Such inelastic reflection from the moving wave barrier is accompanied with the particle acceleration or deceleration, depending on the initial relative velocity of the particle with respect to the resonant value [3] .
III. NUMERICAL TREATMENT OF INDUCED COMPTON PROCESS WITH INTENSE LASER PULSES OF SHORT DURATION AND NONPLANE CONFIGURATIONS
To clear up the influence of finite time-space effects of real ultrashort laser pulses of nonplane configurations and to reveal the mentioned above peculiarity in the dynamics of the induced nonlinear Compton process with the particle acceleration, the numerical integration of Eqs. (1), (2), and (8) with the Eqs. (6) and (7) has been made at first for the plane laser pulses of finite duration, neglecting temporarily the transversal space dependence of actual laser beams. We present the results of numerical treatment. The simulations have been made for laser pulses of plane form, described by the following envelopes of amplitudes in Eqs. (6) and (7):
where ¼ x 0 À t 0 and ¼ x 0 þ t 0 are the wave dimensionless coordinates, 0 ; 0 are the normalized durations of counterpropagating laser beams with carrier frequencies ! 1 ; ! 2 and peak values of intensity parameters 10 and 20 , respectively. Here the constant phase ' 0 in the second pulse is introduced to express the relative time delay between the counterpropagating pulses.
For exploration of acceleration effect due to the particle reflection-capture phenomena, we consider the parameters' initial values not greatly far from nonlinear resonance condition (in the field), at which the required critical intensities cr are not too high (since for particle reflection and consequent acceleration it is necessary eff > cr ). For that, the particle initial velocity v 0x should not be much different from the phase velocity of the slowed interference wave v ph ¼ c=n eff . The latter determines the optimal range of the particle initial energies for acceleration by laser pulses of moderate relativistic intensities $ 1 (for the initial energies greatly far from the resonant values cr ) 1 and laser sources of ultrarelativistic intensities are required; although for current state of the art such intensities are achievable with the focused ultrashort laser pulses of a few femtosecond durations). Thus, for initially nonrelativistic particles, particularly for the particles initially in rest, the waves' frequencies ! 1 and ! 2 which define the phase velocity of the slowed interference wave c=n eff must not be greatly different (practically ! 1 =! 2 may be varied for this propose from two to ten with existing nowadays lasers), i.e., for the nonlinear acceleration effect on the base of the reflection-capture phenomena in the induced Compton process we can use two counterpropagating laser beams, for example, in infrared-optical domain. The opposite case of ! 1 ) ! 2 (which corresponds to n eff À 1 ( 1) can be used for acceleration of initially relativistic particles.
To reveal the particle reflection-capture phenomena and nonlinear acceleration effect in the induced Compton process with the real laser pulses, here we will consider the more interesting case of particles initially in rest, taking into account that relativistic electron bunches of high densities currently may be realized on the ultrathin solid foils where the electrons initially are almost in rest [19] . We will present the results of numerical integration of Eqs. (1), (2), and (8) The energy evolution of a particle initially in rest (at the position x 0 ¼ 0; y; z coordinates are cyclic in the plane waves because of space homogeneity in the plane yz) is plotted in the field of two counterpropagating laser pulses in vacuum. Figure 1(a) illustrates the particle energy dependence on the normalized time t 0 ¼ ! 1 t for laser pulses of dimensionless durations 0 ¼ 50, 0 ¼ 500 in case ! 1 =! 2 ¼ 10, at the relative initial phase between the pulses ' 0 ¼ 191, which correspond to time duration of high (! 1 ) frequency laser: 167 fs, low (! 2 ) frequency laser: 1670 fs, and with the 637 fs time delay of the low frequency pulse in respect to high frequency one. Figure 1 (b) corresponds to ! 1 =! 2 ¼ 2, at 0 ¼ 100, 0 ¼ 200, and ' 0 ¼ 5. For these values of parameters the peak value of the resulting wave intensity is above the critical point and, as Fig. 1 shows, the energy of the particle initially in rest is changed abruptly due to the reflection capture in the induced Compton process, and after the reflection from a corresponding phase plane of the slowed wave-pulse intensity envelope acquires E ' 2:5 MeV energy at ! 1 =! 2 ¼ 10, and E * 0:6 MeV at ! 1 =! 2 ¼ 2. Figure 2 illustrates the evolution of the particle (bunch) energies with different initial positions x 0 along the axis of laser propagation, at the same values of the other parameters, mentioned in the text for Fig. 1 .
To explore the nonlinear dynamics of the considered process for real nonplane-focused laser pulses of relativistic intensities, we will integrate numerically the particle equations of motion [Eqs. (1), (2), and (8)] for energy in the field of two counterpropagating focused laser pulses of circular polarizations, the approximate nonplane forms of which may be modeled in the following form (for a linear polarization see [21] , and for a circular one [18] ): 
;
where r
q , x 1R ¼ w 2 10 = 1 is the Rayleigh length for high frequency (of wavelength 1 ¼ 2c=! 1 ) focused laser pulse with the waist w 10 in the focal plane x ¼ 0, and g 1 ðÞ ¼ 1= coshð= 0 Þ. For electric and magnetic fields of a low frequency (of wavelength 2 ¼ 2c=! 2 ) focused laser pulse propagating in the opposite direction to the high frequency pulse, we have 
where w 2 ðxÞ ¼ w 20
= 2 is the Rayleigh length for a focused pulse with the waist w 20 (in the focal plane x ¼ 0), and g 2 ðÞ ¼ 1= coshð= 0 Þ.
The integration of the relativistic equations of motion of a particle [Eqs. (1) and (2)] in the given field of the counterpropagating waves has been made with the Runge-Kutta method [22] (the precision of numerical simulations is justified by the known fourth-order adaptive Runge-Kutta method). The results of numerical integration of particle equations of motion and for energy in the field (12) and (13) To show the influence of space effects because of nonplane fields of focused ultrapower laser pulses on the nonlinear dynamics of induced Compton process and acceleration effect due to the considered threshold phenomena, we present for comparison the graphics of particle energy dependence on the initial positions at the reflection capture, both by the plane and nonplane-focused laser pulses under the same condition, which are demonstrated in Figs. 5 and 6: for cases ! 1 =! 2 ¼ 10 and ! 1 =! 2 ¼ 2, respectively. As is seen from these graphics, for the considered parameters of laser beams the reflection capture and, consequently, acceleration effect occurs for the particles initially situated about in the range x 0 2 ½À40 1 ; 40 1 ; the other particles remain with the initial energy E 0 ¼ mc 2 , since the threshold condition for reflection capture eff > cr is not satisfied for those particles (because of smaller intensity values on the envelope-profile wings of ultrashort laser pulses).
Apart from the mentioned peculiarities in the considered process, we see that the acceleration effect due to the particle reflection capture at the induced nonlinear Compton scattering on the nonplane counterpropagating focused laser pulses neither depends on the field magnitudes (only should be the above threshold field: eff > cr ) nor on the interaction length (the latter-reflection length-may be smaller than a laser wavelength). This fact opens a principally new way for laser acceleration of charged particles on the ultrashort distances in vacuum using shortest (at present, a few femtosecond) superpower laser pulses of ultrarelativistic intensities ( ) 1) in the induced Compton process.
IV. CONCLUSION
We present the results of the theoretical and numerical treatment of charged particle nonlinear interaction with the two nonplane counterpropagating laser pulses of relativistic intensities in vacuum corresponding to induced nonlinear Compton scattering. It is shown that the nonlinear threshold phenomena of particle reflection and capture, which have previously been revealed in the field of the plane monochromatic waves, take place also in the nonplane counterpropagating laser pulses of ultrashort duration and lead to particle acceleration. Such acceleration from the moving wave barrier (formed due to the nonlinear coherent interaction of a charged particle with the counterpropagating waves at the intensities above a certain critical value) occurs on the shortest interaction lengths, even shorter than a laser wavelength. So, the reflection-capture phenomena open a principally new way for laser acceleration of charged particles on the ultrashort distances in vacuum using shortest (at present, a few femtosecond) superpower laser pulses of ultrarelativistic intensities in the induced Compton process. On the other hand, in contrast to analogous induced coherent processes (Cherenkov and undulator) where the realization of the reflection-capture phenomena actually require an initial relativism, the considered Compton mechanism is applicable practically for arbitrary initial energies of particles, in particular, for initially nonrelativistic beams or even for particles in rest. The latter is of interest taking into account that relativistic electron bunches of high densities currently may be realized by relativistic lasers on the ultrathin solid foils where the electrons initially are almost in rest, and therefore this case is explored numerically with presentation of corresponding graphics.
